ABSTRACT
This basic science review examines the role of cGMP and cGMP-dependent protein kinase (PKG) in the regulation of vascular smooth muscle cell (VSMC) phenotype. The first such studies suggested a role for nitric oxide (NO) and atrial natriuretic peptides (ANP), and the downstream second messenger cGMP, in the inhibition of VSMC proliferation. Subsequently, many laboratories confirmed the anti-proliferative effects of the cGMP pathway in cultured cells and the anti-atherosclerotic effects of the pathway in in vivo animal models. Other studies suggested that the cGMP target, PKG, mediated the anti-proliferative effects of cGMP although other laboratories have not consistently observed these effects. On the other hand, PKG mediates cGMP-dependent increases in smooth muscle-specific gene expression, and in vivo studies suggest that PKG expression itself reduces vascular lesions. The mechanisms by which PKG regulates gene expression are addressed, but it still unknown how the cGMP-PKG pathway is involved in smooth muscle-specific gene expression and phenotype.
INTRODUCTION
With the emergence of nitric oxide (NO) as a major regulatory signal in smooth muscle relaxation, there has been increasing interest on the role of NO and its downstream signaling mediator, cGMP, in other aspects of smooth muscle function. The general acknowledgment that NO is involved in other cellular regulatory pathways besides those in smooth muscle relaxation (e.g., neuronal cell function) has bolstered this notion. Specifically, there is currently much interest in the effects of the NO-cGMP signaling pathway in vascular smooth muscle cell (VSMC) growth, differentiation and gene expression (1-3). In large part, these studies are being driven by investigations into the role of VSMC growth and differentiation in vascular diseases such as atherosclerosis, hypertension, and inflammatory disorders of the vasculature. If the NO-cGMP signaling pathway is involved in VSMC growth and differentiation, then the knowledge emerging from these studies will have impact regarding our understanding of and therapy for vascular disorders. The discussion below will focus primarily on findings from numerous Figure 1. Phenotypic modulation of VSMC. When placed in a cultured environment, many types of VSMC alter their phenotype as an adaptation to the culture conditions. These adaptations include: loss of expression of contractile proteins, loss of expression of signaling proteins such as surface receptors and ion channels, increase in the expression of extracellular matrix proteins, increase in expression of growth factors/growth factor receptors, and increase in the expression of cell cycle regulatory kinases. These adaptations occur over several passages suggesting that intermediate phenotypes between the pure "contractile" and pure "synthetic" phenotype exist. Finally, the phenotypic changes in VSMC seen in vitro are similar to phenotypic changes in VSMC that occur in vivo in response to injury and atherosclerotic conditions. laboratories over the past few years suggesting that the NOcGMP pathway does indeed play a role in the regulation of VSMC proliferation, gene expression, and vascular diseases. Because of the brevity and focus of this review and the voluminous literature in the field, we apologize for not being able to cite all the literature that has contributed to our knowledge in the area.
BASIC MECHANISMS UNDERLYING VSMC GROWTH AND DIFFERENTIATION
More than three decades ago, investigators observed that the phenotype of VSMCs grown in culture resembles that which exists in atherosclerotic vascular lesions in vivo (4-7). As illustrated in Figure 1 , cultured VSMCs not only proliferate at a higher rate characteristic of VSMC that exist in vascular lesions in vivo, but they also express lower levels of typical smooth muscle specific contractile proteins such as α-actin (8, 9). The hypothesis was put forward that VSMCs reversibly adapt their phenotype in culture to resemble a more fibroproliferative, "wound-healing" cell, similar to that which exists in vascular lesions (7, 10). To be sure, the pathophysiology of atherosclerosis and other inflammatory vascular diseases is far more complex than mere phenotype switching (see 10 for a review); however, this hypothesis provided a convenient framework with which to begin to understand the cellular and molecular mechanisms regulating VSMC growth and differentiation. Of further significance, this hypothesis identified the VSMC as the major cell type responsible for the generation of vascular lesions, a concept that remains unchallenged today.
When certain conduit arteries, such as those subject to the development of atherosclerotic lesions, are injured by means such as balloon catheter inflation, VSMC proliferation increases in the tunica media and the intima (11, 12). Migration of VSMC from media to intima increases, and changes in VSMC gene expression occur that result in increased deposition of extracellular matrix protein to form a "neointima." These cellular changes result in an expanded, thickened neointimal lesion, which can ultimately occlude the vessel and compromise blood flow. At the cellular and molecular levels, events such as increased expression of inflammatory adhesion molecules, oxidized LDL uptake, and growth factor receptor gene expression occur in VSMC in response to injury (13-16). The entire sequence of events is characteristic of the generalized inflammatory, proliferative response to injury, a response that is necessary for subsequent wound-healing activity. An understanding of these mechanisms regulating VSMC proliferation and gene expression in the physiologic and pathophysiologic setting could have significant impact on our understanding of how vascular lesions develop.
The molecular regulation of VSMC proliferation has been studied intensively by numerous laboratories, and will not be subsequently discussed. Suffice it to say that the mechanisms appear to be strikingly similar to general mechanisms controlling cellular division. Hence, mitogens -via activation of mitogen-activated protein kinases (MAP kinases) stimulate the expression of cyclins that activate cyclin-dependent protein kinases (Cdk). Cdks catalyze the phosphorylation of the retinoblastoma protein (Rb) causing it to dissociate from E2F, a transcription factor that induces S-phase gene expression. Cdks themselves are regulated by cyclin kinase inhibitors, p21 and p27, whose expression in turn, is controlled in part by p53.
Whereas the some of the details involving the mechanisms of VSMC DNA synthesis have been known for several years, the mechanisms of VSMC-specific gene expression are only beginning to come to light. As stated earlier, these studies have potential bearing on our understanding of the processes of atherosclerosis and restenosis because it is generally assumed that VSMCs "dedifferentiate" when modulating to a fibroproliferative phenotype and "differentiate" back to a quiescent, contractile VSMC phenotype as vascular lesions are resolved. Although several transcriptional mechanisms have been proposed for the regulation of VSMC-specific gene expression, it is now appreciated that the ubiquitous transcription factor, serum-response factor (SRF), may be the key regulator for VSMC-specific gene expression (17) (18) (19) . SRF binds to DNA sequences, known as CArG boxes, in cis elements of VSMC-specific genes such as α-actin and SM22 (20, 21). The topology of SRF binding in smooth muscle-specific genes, however, is such that at least two or more SRF binding sites are spaced apart at specific distances along the DNA, and this spacing of DNA-bound SRF allows a multi-component complex to be formed with the muscle cell-specific co-transcriptional regulator, myocardin (22-25). The SRF-myocardin mechanism is perhaps the most thoroughly developed model to date, although other smooth muscle-specific gene expression mechanisms may exist, including the regulation by members of the GATA transcription factor family and the NFAT family (26-34). Currently, how these factors, alone or in combination with the SRF, result in a true pattern of VSMC differentiation is not known. Additionally, there are multiple isoforms of many of these factors; for example, SRF is composed of at least four different isoforms -three of which are positive regulators of gene expression while one isoform appears to be a negative regulator of gene expression (35, 36) . Most of the transcription factors involved in VSMC-specific gene expression are cytosolic proteins and must be imported to the nucleus using the actin cytoskeleton and the small molecular weight GTPase family of proteins (37-40). In particular, the critical role for the RhoA/RhoA kinase (ROK) pathway to import SRF into the nucleus is the subject of intense investigation at the moment (40) . And finally, changes in chromatin structure itself involving the acetylation of histones appears to be necessary for smooth muscle specific gene expression induced by SRF (41) . The complexity of the mechanisms controlling VSMC-specific gene expression is acknowledged by all investigators in this area, and most seem to agree that we are only beginning to solve the riddles of VSMC-specific gene expression and differentiation.
ROLE OF THE CGMP PATHWAY IN REGULATING VSMC GROWTH AND PHENOTYPE
The first evidence that cGMP was involved in VSMC phenotypic modulation was generated by Hassid and co-workers (42) (43) (44) (45) (46) (47) (48) (49) . These investigators demonstrated that NO donor drugs, phosphodiesterase (PDE)-resistant cGMP analogs and natriuretic peptides inhibited DNA synthesis and proliferation of subcultured VSMCs and mesangial cells. Whereas the concentrations of natriuretic peptides necessary to inhibit VSMC proliferation fell within the physiologic ranges of the circulating hormones, possibly due to the effects of ANF to activate C-type receptors as well as the A or B type receptors, the concentrations of NO required to inhibit growth were considered to be higher than expected in the normal physiologic situation. Nevertheless, since these earlier studies, there are over 1000 citations too numerous to list individually describing an antiproliferative or prodifferentiation role for NO, cGMP, cGMP-dependent protein kinase (PKG), NO synthases, or cGMP PDE inhibitors both in vitro and in vivo (see 1, 45, 46 for more recent reviews). These include studies that have shown that adenovirally delivered NO synthase genes, guanylyl cyclase subunits and type I PKG constructs suppress neointimal growth and expansion in animal injury models. Specifically, in studies where animals were subjected to balloon catheter injury, components of the NO-cGMP-PKG signaling pathway suppressed VSMC proliferation, increased VSMC apoptosis, and decreased deposition of extracellular matrix protein in the lesion area where active repair was occurring (47) (48) (49) . In these studies, only VSMCs that were undergoing the fibroproliferative response demonstrated decreased expression of sGC (48, 49) , PKG (47), or both whereas in cells that were not undergoing a fibroproliferative response, there was no alteration in the expression of PKG (47) . In autopsy tissues of atherosclerotic human coronary artery, there was dramatically less immunoreactive PKG staining in neointimal fibroproliferative VSMCs compared with normal medial VSMCs (47) . Thus, a solid paradigm that has emerged that NO, acting through cGMP, inhibits the proliferation of and the dedifferentiation (phenotypic modulation) of different cultured VSMC model systems and neointimal VSMC growth in various animal models of arterial vascular injury in vivo.
In animal models of hypercholesterolemicinduced atherosclerosis, activation of the NO-cGMP pathway not only inhibits, but also reverses, atherosclerotic lesion development (50) (51) (52) (53) (54) (55) . The mere supplementation of dietary amino acids with L-arginine, the substrate for NO synthases, decreases lesion development in the atherosclerotic rabbit. In other animal studies, activation of inflammatory pathways associated with endothelial dysfunction and atherosclerosis were suppressed by NO donors, cGMP analogs and cGMP PDE inhibitors (56) (57) (58) (59) . In fact, the mechanism by which lesion development was attenuated in these studies was linked to the antiinflammatory and anti-platelet effects of NO and cGMP, the anti-platelet effects of the NO-cGMP pathway. In sum, these data amassed over a period of approximately fifteen years seem to point to an important anti-inflammatory and anti-atherogenic role for the NO-cGMP pathway in vivo, and support the notion that the NO-cGMP pathway suppresses general inflammatory vascular disorders in animal models and, possibly, in the human disease.
Despite the body of evidence of an antiatherogenic, antiproliferative role for NO-cGMP signaling, there are several reports where the situation appears to be less settled. Hassid and co-workers demonstrated that in freshly isolated contractile rat aortic VSMC, NO donors and cGMP analogs do not inhibit cell proliferation but actually accentuate fibroblast growth factor (FGF)-induced VSMC proliferation (60) . Once passaged, however, the cells respond to NO and cGMP treatment with inhibition of growth. These results suggest that perhaps the phenotype of the VSMC in culture may affect the proliferative response of the cells to NO-cGMP pathway activation. Similarly, transfected cultured rat aortic VSMC expressing PKG-I or the constitutively active catalytic domain display a number of features characteristic of the contractile phenotype, but the proliferation response of the cells was not greatly affected by the expression of an active PKG (61, 62) . These findings led to the notion that the NO-and cGMP-dependent inhibition of VSMC proliferation may be due to the cross-activation of cAMPdependent protein kinase (PKA) by cGMP, a finding that was verified by measuring the PKA activity ratio in the cells (62) . The concentrations of cGMP that activate PKA are some 20-fold or more greater than exist in cells under basal conditions, but could in fact be realized in the pathophysiological condition under the influence of inflammatory cytokines that induce iNOS expression (62) . In still other studies, NO and cGMP analogs activated rather than inhibited MAP kinase pathways in freshly isolated rat aortic VSMC, in contrast to the effects of cGMP in passaged cultures of VSMC (63) . Because MAP kinase activation is usually associated with the stimulation of cell proliferation rather than the inhibition of proliferation, these studies have cast some question on the actual physiological role of cGMP in the regulation of VSMC proliferation.
The in vitro studies have recently been extended to an in vivo animal model recently. Wolfsgruber, et al. (64) constructed transgenic/knock-out mice where PKG-I was conditionally deleted in a smooth muscle cell-specific manner. When these mice were mated to ApoE deficient animals, atheromatous growth was attenuated in response to the inhibition of expression of PKG. These results led the authors to suggest that PKG plays a pro-atherogenic role in vivo. Additional studies in cultured aortic VSMC from wild-type mice suggested that high concentrations of cGMP analogs increased cell proliferation (rather than inhibited proliferation), whereas in PKG-deficient mice, high concentrations of cGMP analogs had no effect on proliferation. On the other hand, the effects of PKG on the expression of key VSMC-specific marker genes were not reported in this study. To date, this is the only report published where both a pro-proliferative and proatherogenic role for PKG has been proposed.
ROLE OF CGMP AND PKG IN VSMC-SPECIFIC GENE EXPRESSION IN CULTURED CELLS
The role of the NO-cGMP pathway in regulating gene expression in general has been addressed recently (65) . With regard to VSMC-specific gene expression, however, there is very little information available. As noted earlier, VSMC in response to injury or culture conditions, change phenotype to a more proliferative, secretory state. These changes involve alterations in the expression of genes that encode contractile proteins, cytoskeletal elements, cell cycle regulators, adhesion molecules and extracellular matrix proteins. The rat aortic smooth muscle cell system has been used extensively to study phenotypic changes of VSMC. After only a limited time in culture, usually within a few passages, contractile protein expression is down regulated whereas extracellular matrix protein expression is increased. Several laboratories have also observed changes in the expression of enzymes of the cGMP signaling pathway as well. Adult rat aortic VSMC or rat pulmonary arterial VSMC that have been passaged several times express lower levels of PKG-I mRNA and protein than freshly isolated cells, whereas in other types of VSMC models, sGC expression is down regulated (48, (66) (67) (68) (69) . Thus, parallel changes in the expression of genes encoding both the NO-cGMP-PKG pathway, and the phenotype of VSMC have been reported.
Our laboratory reported that passaged, PKG-I deficient rat aortic VSMCs when transfected with cDNAs encoding PKG-I or transduced with adenoviruses containing the cDNA for PKG-I to restore physiologic levels of the kinase, change their phenotype to resemble a more contractile state (61, 69) . As shown in Figure 2 , VSMCs deficient in PKG expression transform from a fibroproliferative morphology characterized by cell spreading to a more contractile morphology characterized by spindle-shaped cellular structures -the so-called "hill and valley" morphology when transfected with PKG or its active catalytic domain. These results indicate that PKG most likely regulates VSMC-specific gene expression in some manner. We recently conducted a gene microarray study of smooth muscle cell-specific gene expression by PKG. Using cultured rat aortic VSMC made deficient in PKG expression by multiple passaging, we expressed PKG-I under the control of a tetracycline-"on" promoter system to restore physiologic levels of PKG. The mRNAs were isolated and the expression of genes identified on Affymetrix chips. As shown in Table 1 , of over 300 genes that were found to be regulated by two-fold or more following PKG expression in the cells, the expression of several genes that are involved in VSMC contractility, cytoskeletal function, or VSMC signaling were modulated by PKG expression. For example, SMC-specific α-actin was unregulated whereas collagen was down regulated by PKG expression. Other interesting patterns were observed. The expression of several growth-related genes (e.g., FGF, angiotensin II-Type 1 receptor) in response to increased PKG was suppressed, which might possibly explain the observed effects of NO and cGMP to decrease VSMC proliferation. On the other hand, the expression of the angiotensin II-Type 1 receptor was increased by PKG. The angiotensin II receptors are generally down regulated by passage in culture and the modulation of VSMCs to the synthetic phenotype. These results suggest that PKG not only increases structural and contractile protein expression to VSMCs, but also increases the expression of signal transduction systems characteristic of the differentiated, contractile VSMC.
Perhaps the effects of PKG on the expression of SMC-specific contractile proteins are the most clearly observed effects, however. As shown in the western blots in Figure 3 , several proteins generally considered to be reliable markers for the contractile phenotype of VSMC were unregulated in cultured VSMC following PKG expression in the cells. These include the "gold-standard" smooth muscle myosin heavy chain, smoothelin (a cytoskeletal proteins whose expression is specifically increased in adult, contractile VSMC), calponin, and heavy caldesmon. Thus, PKG is capable of affecting SMCspecific gene expression. Yet, despite such an increase in contractile phenotype marker protein expression following PKG transfection, there was not a full restoration of the expression of these gene products when compared with intact aortic tissue (61, and unpublished observations). This suggests that the NO-cGMP-PKG pathway likely participates in phenotypic modulation of VSMC, but is clearly not the sole signaling pathway regulating the process. This is perhaps obvious since phenotypic modulation is a highly complex process involving multiple signaling pathways such as integrin-adhesion moleculematrix signaling and inhibition of growth factor signaling.
As mentioned earlier, one aspect of VSMC phenotypic modulation is an increase in the expression of extracellular matrix proteins as the cells become more phenotypically fibroproliferative or "synthetic." PKG-I inhibited the production of extracellular matrix proteins such as collagen I, thrombospondin-1 (TSP-1) and osteopontin in VSMCs (69) and in rat mesangial cells (70) . In the latter cell type, endogenous PKG expression does not decline measurably in culture. When exposed to high concentrations of glucose, however, mesangial cells express and secrete TSP-1, which in turn, activates latent TGF-β. Activated TGF-β induces the expression of a number of extracellular matrix proteins such as fibronectin and collagen. Using the tetracycline -"on" system to induce the expression of the active PKG-I catalytic domain in the mesangial cells, there was a suppression of glucoseinduced increases of TSP-1 expression and matrix deposition. These finding could be important from two standpoints: first, a pathophysiological one, and second from a mechanistic point of view. With regard to the pathophysiology, a major component of vascular wound healing activity and wall remodeling is the elaboration of extracellular matrix proteins and matrix metalloproteinases (MMPs). The suppression of matrix protein expression by activating PKG could be one component, at least, in the reduction of intimal thickening that occurs in response to either NO or PKG transfection (49) . Likewise, there have been studies demonstrating that NO decreases MMP expression in VSMCs (71) (72) (73) , and recent findings from our laboratory has shown that PKG transfection into cultured VSMC inhibits MMP-2 expression while increasing tissue inhibitor of metalloproteinase (TIMP) expression (see Table 1 ). Decreased matrix protein elaboration coupled These cells were transfected as described in the Materials and Methods and grown for an additional two passages before western blotting was performed. PKG expression at the top is increased in the PKG-transfected cells compared with control-transfected cells. The other proteins examined using western blotting are smooth muscle myosin-specific heavy chain (SMMHC), heavy caldesmon, calponin, high molecular weight smoothelin, and osteopontin. PKG increases the expression of SMMHC, caldesmon, calponin, and smoothelin and decreases the expression of osteopontin relative to control-transfected cells.
with decreased enzymatic activity responsible for the turnover of the extracellular matrix would be important actions that suppress intimal thickening and the development of atherosclerotic lesions.
From the mechanistic point of view, it is almost certain that the molecular mechanisms controlling contractile protein expression and extracellular matrix protein expression are regulated by different processes. As discussed above, VSMC-specific contractile protein gene expression is in large part dependent on CArG/SRF activity in the cis-regulatory elements of these genes. However, there is no evidence that a similar mechanism operates in the expression of matrix proteins or MMPs, and the fact that matrix protein and MMP expression is ubiquitous for cells suggests that more general mechanisms exist for the control of expression of these gene products by cGMP. Matrix protein expression may involve both transcriptional and post-transcriptional control by regulating message stability and translation. Our laboratory has obtained evidence for both types of control of extracellular matrix protein expression (69) . Currently, however, the molecular details regulating expression of these gene products by the NO-cGMP-PKG pathway is unknown.
EFFECTS OF THE CGMP-PKG PATHWAY ON RHOA SIGNALING IN VSMC
The studies summarized above suggest that PKG regulates VSMC-specific gene expression, but have not shed light on the mechanisms that may be at work in this process. Because the role of SRF is considered paramount for the differentiation of VSMC, several investigators have recently examined the role of PKG in regulating SRFdependent gene expression. Pilz and co-workers using transfection of reporter genes in non-muscle cells (glioma and fibroblast) as well as VSMC, found that PKG-I inhibited SRF-dependent gene transcription (74, and see 65 for an excellent up-to-date review of the subject). These effects of PKG were dependent on the capacity of the kinase to catalyze the phosphorylation of the Vasodilator Stimulated Phosphoprotein, or VASP, an actin binding protein ubiquitous in cells (75) . At first glance, these results appear to contradict those suggesting that PKG-I increases smooth muscle-specific gene expression. On the other hand, VSMC-specific gene expression is a highly complex process and, as discussed by Miano in a recent review (76) , only physiologically relevant SRE-containing promoter constructs derived from SMC-specific promoters appear to mimic SMC-specific gene expression in reporter gene assays. Furthermore, Owens' laboratory has shown that even truncated SRE-containing reporter constructs that are effective SMC-specific promoter-reporters in cultured smooth muscle cells do not function specifically in transgenic animals (77) . Thus, SRE constructs derived from the c-fos growth promoter, which is known to be involved in cell proliferation, would not necessarily pertain to SMCspecific gene expression. Also, the cell culture models used in many transfection studies may be either deficient in or incompatible with myocardin binding or expression. Nevertheless, these initial studies are highly significant and important from the standpoint that they are among the first to demonstrate that PKG directly regulates gene expression, but also indicate that much more work needs to be done to understand completely the role of PKG in VSMC-specific gene expression.
A recent study that attempted to assess the role of VASP and PKG-dependent phosphorylation of VASP in smooth muscle phenotype was reported by Chen, et al. (78) . In this study, VASP phosphorylated on the cAMPdependent protein kinase (PKA)/protein kinase C (PKC)-selective site, i.e., serine157, was associated with the proliferative response to mitogens in aortic VSMC. On the other hand, PKG-dependent phosphorylation of VASP on serine239, the selective PKG site, resulted in inhibition of VSMC proliferation. Although smooth muscle cell-specific gene expression was not investigated in these studies, the results suggest that VASP could play a critical role in PKGdependent control of VSMC growth and differentiation.
These studies may provide additional insight into the importance of the cellular cytoskeleton and the possible role of PKG in the regulation of VSMC-specific gene expression. It has been shown by several laboratories that activation of the RhoA/ROK pathway is important for the nuclear import of SRF, myocardin, and other transcription factors in SMC (38-40, 79 ). At least one component of the mechanism of RhoA signaling in regulating nuclear gene expression is to stimulate an increase in the cellular levels of F-actin relative to G-actin. These effects of RhoA are possibly mediated by the activation of ROK since the selective ROK inhibitor, Y27632, inhibited F-actin organization as well as blocked SMC-specific gene expression. The contribution of phosphorylation of VASP on either serine157 or serine239 to modulate SRFdependent activation of gene expression under physiological and pathophysiological conditions is not fully understood, but this intriguing possibility warrants more thorough and intensive investigation. Because the RhoA/ROK pathway has emerged as a focus of interesting SMC-specific gene expression, there are obvious questions relating to the possible links between the NO-cGMP pathway and the RhoA/ROK pathway Perhaps the best-described effect of PKG on RhoA signaling is in calcium desensitization of smooth muscle contraction. It has been known for several years that agonist-induced smooth muscle contraction involves activation of RhoA resulting in ROK-dependent phosphorylation of the myosin light chain phosphatase targeting protein, MYTP (see 80 for a review). Phosphorylation on a critical threonine residue by ROK inhibits myosin light chain phosphatase activity causing enhanced light chain phosphorylation in the face of declining intracellular calcium levels. PKG-I, and particularly the Iα isoform, is specifically bound to a spliced variant of the MYTP that contains a leucineisoleucine zipper C-terminal motif (81, 82) . The binding of PKG and its subsequent activation in response to elevations in cGMP stimulates PKG-dependent phosphorylation of MYTP that results in activation of the phosphatase resulting in myosin light chain dephosphorylation and relaxation (81) (82) (83) . Recently, Haystead and co-workers proposed a mechanism by which PKG-dependent phosphorylation of MYTP resulted in the activation of myosin light chain phosphatase (84) . These investigators demonstrated that the PKG-dependent phosphorylation site on MYTP is the serine residue immediately N-terminal to the ROK site, and proposed the model where PKGdependent phosphorylation prevents ROK-dependent phosphorylation and inhibition of myosin light chain phosphatase. Thus, the effects of PKG are to activate phosphatase by preventing RhoA-dependent inhibition of the enzyme.
Although the evidence for a PKG-ROK antagonism of myosin phosphorylation is becoming well established for smooth muscle contraction, there is controversy over whether a general antagonism between the NO-cGMP-PKG pathway and the RhoA/ROK pathway exists at the level of RhoA activation. It was originally proposed (85) and confirmed by other laboratories (86, 87) that PKG inhibits RhoA signaling by direct phosphorylation of RhoA on serine-188. However, reports demonstrating specific PKG-dependent RhoA phosphorylation in the intact cell have been conflicting (80, 85, 88, 89) and complicated by two problems: first, although free RhoA in solution is phosphorylated by PKG in the in vitro experiments, it is not phosphorylated in vitro when complexed with the GDI protein (80) . Second, PKA is as good a catalyst, if not a better one, compared with PKG in phosphorylating serine-188 of RhoA. Others have suggested that cGMP signaling inhibits RhoA activation by blocking isoprenylation in addition to phosphorylating RhoA (90) . One problem with some of the studies designed to examine the role of PKG in catalyzing RhoA phosphorylation or regulating other post-translational modification steps is that the interpretation relies on the actions of unproven or relatively non-specific PKG inhibitors. Since this continues to be a general problem in the cGMP-PKG signaling field, at best, the physiologic role of PKG in regulating RhoA phosphorylation or posttranslational modification is not clear at this time.
In contrast to these studies, Pacaud's laboratory (91) has shown that the NO-cGMP-PKG pathway increases RhoA expression in VSMC, and that the increases in RhoA expression are associated with increased expression of marker contractile proteins (SMMHC, etc.). Others have shown that short-term activation of RhoA is associated not with differentiation of VSMCs in culture, but rather with the maintenance of the undifferentiated smooth muscle phenotype (92) . Currently, there is much speculation on how these two pathways may converge in the ultimate expression of the VSMC phenotype, but very little mechanistic data that would explain the various observations regarding the overall role of the NO-cGMP-PKG pathway in VSMC growth and differentiation.
IS THE NO-CGMP PATHWAY PROTECTIVE IN VASCULAR DISEASES OR DETRIMENTAL?
From the above discussion, it is clear that although there are many unanswered questions regarding the role of the NO-cGMP pathway in vascular diseases and smooth muscle differentiation, the majority of studies suggests that cGMP, via activation of PKG, inhibits VSMC proliferation and modulation to a fibroproliferative phenotype. As mentioned earlier, a very large number of citations describe a role for the NO-cGMP-PKG signaling pathway as either a negative regulator of VSMC growth/phenotypic modulation or as an anti-atherosclerotic pathway in VSMC. And, it should be added at this point that the protective effects ascribed to NO itself appear not to be cGMP-independent effects of NO, but rather to be dependent on cGMP itself since carbon monoxide (CO), an activator of soluble guanylyl cyclase, has also been shown to suppress VSMC proliferation and atherosclerosis in animal models of vascular disease (93) (94) (95) (96) . It has not been shown if CO, like NO (97), induces smooth muscle specific gene expression in vascular smooth muscle cells, however. Because cGMP is known to bind to several proteins in VSMC that serve as intracellular receptors (PDE3 and PDE5, and protein kinases -PKG and PKA), perhaps the anti-proliferative or anti-atherogenic effects of cGMP are specifically related to activation of PKA. With regard to activation of PKA by cGMP in VSMC, it has been shown that this is likely due to inhibition of PDE3 and the elevation of cAMP (59) , and that PKA activation itself plays a role in mediating the inhibition of VSMC proliferation by cGMP (62) . Yet, it is PKG and not PKA that mediates VSMC-specific gene expression (61) . Therefore, the vast majority of in vitro and in vivo studies would appear to suggest that the complete NO-cGMP-PKG pathway plays an anti-atherogenic role in VSMC. However, only after the molecular mechanisms of action of PKG in regulating the phenotypic properties of VSMC are defined can we state with assurance that PKG plays an antiatherogenic role. Similarly, with regard to the transgenic animal studies claiming a pro-atherogenic role for PKG (64) , detailed molecular studies will need to be conducted on this unique animal model to clarify the role of PKG with assurance as well. 
